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This  investigation  was  performed  for  the  Directorate  of  Military  Construction, 
Otfk'c  ot  tlie  Cl  lie  I of  In  Olivers  ((HIT,  muler  Project  4DM7280I2AOKI . "Engineer- 
ing Criteria  tor  Design  and  Const  ruction";  Task  02.  "Application  Engineering"; 
Work  Cnit  102.  "Engineering  Criteria  for  Welds."  The  OCE  Technical  Monitor  was 
I A.  Schwartz. 


I lie  investigation  was  pertornied  In  the  Metallurgy  Branch.  Materials  Systems 
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(Cl  KIT.  CEKl.  personnel  directly  concerned  with  this  study  were  K.  W.  Carlson  and 
Dr.  L.  M.  honig  Jr.  Mr.  Carlson  was  responsible  lor  the  design  and  execution  of  all 
experiments  and  tor  the  analyses  ot  data  for  most  ot  the  first  and  third  phases  of 
experimentation.  Dr  Honig  was  responsible  for  the  remainder  of  the  data  analyses, 
the  conclusions  obtained  and  the  composition  ot  this  report. 

Dr.  R Ouattrone  is  Chief.  Metallurgy  Branch;  I.  J.  Healy  is  Chief.  Materials 
Sv stems  and  Science  Division:  COL  M.D.  Remus  is  Commander  and  Director  of 
< I Kl  . and  Dr.  L.  R.  Shatter  is  Deputy  Director. 
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EFFECTS  OF  CLUSTER  POROSITY 
ON  THE  TENSILE  PROPERTIES  OF 
BUTT-WELDMENTS  IN  T-1  STEEL 


1 INTRODUCTION 

Probltm.  Ilurc  is  . need  tm  acceptance  guide 
>l>ceilic.itions  lor  welds  l>ase<l  on  actual  mechanical 
Ivluiui'i  i>t  a structural  weld  in  any  given  appliea- 
lion  To  this  end  >t  is  necessary  to  relate  weld  diseon 
limtits  character  sties— such  as  si/e,  type,  shape, 
location,  orientation,  and  spacing — to  mechanical 
properties  id  the  weld.  Such  a relation  is  needed  to 
tcplacc  the  empirical  approach  currently  used  in 
most  eases  of  specification  for  - 1 rnctiiral  welds — -an 
approach  that  often  results  in  over  or  tinder- 
designed  welds. 

this  problem  relates  to  military  construction  in 
that  I tu'ineer  field  Offices  are  responsible  for 
verifying  the  pn<diki  quality  in  construction  pro- 
curement. Accurate  acceptance  standards  are  re- 
» H i i r- -i i to  assure  confidence  in  the  structural 
mtegrit  ol  welded  lubrications  in  the  construetion 
product. 

Objective.  Varum-.  types  ot  weld  delects  lor  discon  - 
lininiieM.  siteii  as  iracks.  porosity  and  inclusions, 
ha'e  been  shown  directly  mpvnsihle  for  premature 
'•i  title  tacliirc  id  structural  cotnponcn's.  flic 
purpose  of  this  study  w as  to  evaluate  the  etlevt  ol 
cluster  pnrosiu  on  the  tensile  properties  ol  I - I steel 
■■ildmcnis.  fr.uiurc  mechanics  relations,  non- 
destructive lists.  and  staiie  tensile  tests  w ic  used  to 
predict  the  dependence  of  these  tensile  properties  on 
elns'er  porositv  si/e. 

I his  investigation  proi  ides  a partial  !■  isis  tor  the 
e\  dilation  ot  inspection  criteria  relating  allowable 
detect  paianuters  to  given  levels  ol  performance. 
Ihcsc  criteria  would  in  Hill  part  oi  the  needs  slated 
above 

Historical  Review.  tVnse  and  Stout1  have  reeetttlv 
ri viewed  the  literature  concerning  the  effects  ol 
(Hirositv  in  welds.  In  that  review  it  was  noted  that  the 
earliest  wurie  pci lurm-.d  by  Bay-singer  and  Kogcrson 
coiieludeit  that  scattered  porosity  had  no  etlcei  >m 

•A  t'mvc  «iju1  K.  l>  S|m.u,  Tnllui'iux  «*1  VV*  d tKkvis  tin 
i»m  Mrih.tmut  Matmnum  *>  Wc 

• H v ir*  *»  * * >d>  ./  ttf  V*  ' ? • k 


tensile  strength  until  the  porosity  became  exces 
sive  " It  was  also  noted  that  their  study  did  not 
report  data  on  the  exact  amount  of  porosity  encoun- 
tered. later,  according  to  the  review.  Matlek  and 
Moodwurd  attempted  to  correlate  radiographic 
nvoiJiiigs  ol  porositv  in  4 10  stainless  steel  castings 
with  the  tensile  properties  ol  the  eastings.  They  con- 
cluded that  the  imperfections  had  little  or  no  eiTei  t 
on  the  yield  strength,  so  that  porosity  was  not  eon 
sidered  a limiting  factor  when  designing  on  the  basis 
of  yield  strength  alone. 

Circe  n.  Hamad,  and  McCauley1  conducted 
studies  of  the  effects  of  uniformly  distributed  poros- 
ity on  the  static  and  impact  properties  of  a mild  steel. 
AISI  1020.  Porosity  levels  were  measured  from  face 
and  side  radiographs  and  directly  from  the  fracture 
surfaces.  However,  the  actual  method  of  measuring 
the  porosity  and  the  range  in  pore  si/e  were  not 
reported.  The  results  indicated  that  there  was  little 
decrease  in  the  tensife  strength  until  the  porosity 
density  retched  about  7 percent.  Specimens  contain- 
ing between  7 and  Id  percent  porosity  exhibited  con- 
siderable reduction  and  variation  in  strength.  There- 
alter,  front  10  percent  to  the  highest  porosity  level 
tested,  the  tensile  strength  did  not  decrease  appreci- 
ably more.  The  measured  average  elongation 
decreased  from  an  initial  value  of  20  percent  in 
sound  welds  to  approximately  18  percent  at  ? per- 
cent porosity:  beyond  10  percent  porosity  the  effect 
was  very  large.  The  shape  and  distribution  patterns 
ot  the  porosity  were  found  to  have  no  noticeable 
cried  on  the  tensile  properties,  it  was  not  mentioned 
li-wv  the  porosity  was  measured  or  what  the  sizes  of 
the  ports  were. 

Bradley  and  McCauley1  investigated  the  effects  of 
iiiutorni  porosity  on  a quenched  and  tempered  steel. 

I I.  fl»e  porosity  levels  were  measured  from  side 
and  lace  radiographs  and  directly  from  the  fracture 
surfaces.  Static  and  impact  tests  were  conducted 
with  porosity  levels  ap  to  28  percent.  It  was  found 
tli.ii  httle  change  in  tensile  strengih  occurred  until 
the  |>urositv  approached  > percent.  Between  5 and  10 
percent  porositv  there  was  some  reduction  in  tensile 

;,-v  [ i.i.-tn,  M K.  Itwnuil  aid  R B.  McCautry.  "The 
I Hills  i4  PdftMU  hi;  M>ki  Stcrl  Wdili.*’  Ikr  H Wc/jwjf  Journal 
\«»l  V\  Ni*.  Revcanh  Supfkmrni  pp  20^Jflbi. 

*1  W.  Hrinllo  and  R B.  McCautcs.  The  Fflccti  of  Pormilv 
m iilKst  uml  Ifm|irrtflSlccl.  t hr  Wrldtnt  Journal.  Vd  4.V 

*•  H ■ s tjij»lvn«uil  pp  40*v4t4v 


Mic in>ih  ;iml  variability  to  flu  data;  tor  amounts 
greater  ili.m  It)  pcTceiil  there  was  a more  pro- 
iiomieeil  reilnetion  in  strength.  The  cllecl  ot  porosity 
mi  elongation  at  Iractme  was  found  to  he  similar  to 
its  elicet  on  sire ngth — up  to  ,s  percent  porosity,  the 
elongation  was  only  slightly  less  than  that  for  a 
sound  weld;  between  N and  10  percent  poro.itv.  a 
large  decrease  was  reported;  and  for  amounts 
greater  than  10  percent,  the  elongation  at  Iraeture 
decreased  only  slightly  further.  In  general,  *.l  was 
concluded  that  the  amount  of  porosity,  rather  than 
its  shape,  location,  ordistrihnlion.  most  alTeetcd  the 
strength  and  dnetilits  properties  of  the  I I steel 
weldments. 

Lawrence.  Uad/iniinski.  and  Km/ie4  reported 
that  iihimaie  tensile  strength  in  T-l  steel  weldioeius 
was  not  appreciably  affected  until  cluster  porosity 
exceeded  -t  percent.  At  I percent  duster  porosity,  the 
unitorm  strain  in  uidlaw ed  specimens  was  reduced 
from  JO  percent  to  ‘l  percent.  A method  of  multiple 
exposure  radiographs  to  determine  flaw  si/e  w;n 
developed. 

2 PROCEDURE 

Program,  lhc  tirsi  phase  ol  the  test  program  con- 
sisted ol  simly  mg  12  specimens  containing  clustered 
poro-it'.  Numerous  experimental  problems,  such  as 
specimen  warping  during  welding,  were  vneotin- 
teied.  I Iicm  problems,  while  not  invalidating  the 
>i.:<a  dnl  easi  doubt  on  ils  reliability.  In  the  second 
tv'.ise.  which  involved  (he  study  of  six  more  speci- 
mens .oiiiaeung  eliisierc.l  porosiiv.  the  lubrication 
.'in  testing  conditions  were  moio  eardtilb  eon 
trolled,  \ncn.pts  to  applx  } imegral  analysis  to  the 
d.n.i  of  this  phase  suggested  the  livid  for  J integral 
data  trmn  tenter-cracked  specimens  as  a basis  o) 
i om|),.nson.  Hie  final  phase  of  study  consisted  of 
iiMMig  tiie  center  cracked  specimens  to  determine 
iii * ss  welt  clustered  |n>rosiiy  could  be  modeled  af*er  a 
vi-nier  i vai k in  a plate 

Materials.  I bv  base  inct.il  used  was  an  AS  I M A>l " 
i.i  I sfiK tural  steel.  I SS  I I The  weld  wire- was 

‘i  \ I tUrOllL'.  Jr  i II  K.id/intinNk:  Jful  R W K 
i>  f tf*  • t **f  /'nftitiM  ifcr  'tutu  Icnul*  tti  ha wor  »t  fii^h 
\tnntvrji  VI  rlifn;*  *<:i.  Iivhnual  Rtj**r»  I til 
i i *i  ,t0l  tl  m'.irsit.  Ithni-iN  Wh. 


Aireo  AX  100.  I lie  chemical  compositions  of  the  base 
and  tiller  metals  are  given  in  Table  I.  and  their 
mechanical  properties  in  I able  2. 

Fabrication,  'flic  tensile  specimens  were  fabricated 
from  h x |0  ft  steel  plate  stock . The  plates  were  flame 
till  into  II)  x .hi  in.  blanks,  and  each  of  these  was 
sawed  in  hall.  The  sawed  edges  were  maehined  to  a 
doublc-xee  bevel  as  illustrated  in  Figure  I. 
Before  welding,  the  beveied  edges  ol  the  blanks  were 
cleaned  with  acetone  to  insure  oil-  and  dirt-free 
welding  laces.  A 100  I preheat  was  used  to  re- 
lume any  moisture  on  the  machined  surfaces  and 
thereby  prevent  the  formation  of  linear  porosity 
along  the  ring  pass. 

All  welding  was  performed  using  the  gas  metal- 
are  l(i\lA)  welding  process  with  a.,  argon-2  percent 
oxygen  shielding  gas  mixture;  the  welding  param- 
eters are  listed  in  Table  .V  The  procedure  consisted 
ol  the  deposition  of  two  weld  passes,  which  com- 
pletely tilled  one  hall  of  the  weld  groove.  The  root 
pass  was  (hen  back  ground  using  disc  and  carbide 
grinders,  alter  which  two  additional  passes  were 
placed  to  complete  the  weld  deposit. 

The  weldments  containing  internal  delects  were 
produced  similarly  to  the  sound  welds  except  that 
the  Dow  ol  the  shielding  gas  was  interrupted  during 
the  placement  ol'l he  third  pass,5  This  created  an  un- 
stable arc,  which  in  turn  produced  the  clustered 
porosity.  Interruption  nl  the  gas  flow  was  accomp- 
lished using  a solenoid-act naicd  valve  situated 
between  the  welding  torch  and  the  shielding  gas 
tank;  the  shielding  gas  was  reduced  or  turned  olT  for 
'ariing  lengths  of  lime.  dt|H.nding  upon  the  size  of 
cluster  desired. 

\ltci  welding,  the  weld  reinforcement  was 
removed  by  disc  grinding,  and  an  initial  radiograph 
was  taken  to  determine  the  approximate  nature  and 
st/i  ot  the  porosity  cluster  pioduced.  Using  a 
ktn, ‘late  .ok!  shape-cu'ting  unit.  :bc  welded  blanks 
were  then  flame  cut  to  the  test  specimen  configura- 
tion shown  in  ligate  2.  The  flame-cut  edges  were 
t.'ed  and  sanded  in  the  direction  .if  the  longitudinal 
axis  ol  the  s|H\inien.  The  specimen  faces  were  then 

‘k  " X jrlmn  I V Lawrence.  Jr  .ind  J.  H.  Rjil/imimki. 
I hi  Inlnulv  i n hr  nl  /JuKHtriMrirti-t  lit  High  Stnnglk  Sin  I WrIJ- 
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in ilhtl  Hut  anil  sandal  to  the  same  smoothness  as  the 
edges. 

Each  weldment  was  first  examined  hy  norma! 
ineidenee  radiography  to  determine  the  extent  and 
loeation  of  weld  delects.  Stereo  "adiograph..  taken 
using  the  proeedure  of  Carlson  and  Lawrence.*  then 
provided  greater  understand  ng  of  the  character  of 
each  delect. 

The  center-cracked  panels  were  prepared  from 
sound  welds  (soundness  was  determined  by  radiog- 
raphy). A starter  notch  in  the  p'aie  center  of  the  w eld 
/one  was  drilled  and  cut  according  to  ASTM  recom- 
mended practice  (figure  3). 7 Fatigue  cracks,  using  a 
tension-tension  cycle  of  5 to  1 15  ksi.  were  initiated  in 
accord  with  ASTM  Standard  E399-70T.  Growth  of 
the  fatigue  eiaeks  was  monitored  by  a closed-circuit 
television  camera  with  a rectangular  grid  super- 
imposed for  crack  measurement.  The  observed 
external  crack  lengths  2ae  are  given  in  Tahle  4. 
From  10  to  20  kilocycles  at  4 Hz  were  required  to 
propagate  the  cracks  t-»  the  desired  length. 

Mechanical  Testing.  The  specimens  were  mounted 
in  a tiOO.OOO- pound  capacity  MTS  tensile  load  frame 
anil  I'-tded  directly  to  fracture  at  a constant  rate  of 
crosshcad  motion  (.03  in. 'min).  All  tests  were  con- 
ducted at  room  temperature.  The  deformation 
I'cen.Tiiig  in  a I -inch  gage  length  straddling  the  weld 
was  measured  with  a linear  variable  differential 
transformer  (LVLVT)  e.vtciisomeicr  attached  to  the 
center  line  of  each  specimen.  The  load  and  LVDT 
extension  signals  were  recorded  throughoui  the  test 
with  \-y  plotters,  and  the  load  and  LVDT  signals 
w ere  converted  Irom  analog  DC  to  digital  signals  and 
recorded  on  magnetic  tape.  The  latter  step  was  per- 
formed to  retain  a separate  permanent  record  of  the 
d.sta.  especially  if  autographic  plotting  errors  should 
later  he  discovered. 

Ihe  percent  strain  was  determined  as  the  ratio 
Himes  100)  of  the  measured  extension  to  the  gage 
length.  I he  strain  and  stress  a:  maximum  load  were 
termed  the  uniform  strain.  cu.  and  the  ultimate 
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(tensile)  stress,  Ojj.  respectively.  The  yield  stress.  Oy. 
was  determined  at  0.2%  plastic  strain  offset. 

Fracture  Surface  Examination.  After  testing,  the 
ends  of  the  specimen  halves  were  sawed  off  to  permit 
easy  measurement  of  the  porosity  clusters  and 
storage  of  the  fracture  surfaces.  Each  fracture 
surface  was  examined  to  determine  its  nature  and 
the  actual  dimensions  of  the  cluster  porosity  defect. 
A photograph,  roughly  2X.  was  made  of  each  pair  of 
fracture  surfaces,  as  shown  (somewhat  reduced)  in 
Figure  4a.  The  configuration  of  the  fracture  surfaces 
is  even  better  understood  when  the  thickness  and 
lace  views  are  considered,  as  in  Figures  4b  and  4c. 
respectively. 

In  the  first  phase  of  the  test  program,  the  photo- 
graph of  each  specimen's  fracture  surface  was  over- 
laid with  a grid  and  the  porous  area  was  determined 
hy  counting  squares.  The  ratio  (times  100)  of  this 
count  to  the  total  number  of  squares  in  the  entire 
cross  section  was  the  percent  porosity.  In  the  second 
phase,  both  the  area  cl*  the  pores  and  the  area  of  the 
region  enclosing  the  pores  on  the  fratture  surface 
were  determined  by  using  a polar  planimeter  directly 
on  the  photograph.  In  the  third  phase,  the  fatigue- 
era  ked  area  was  determined  by  using  a planimeter 
on  the  photograph  ofthe  fracture  surface.  The  mean 
crack  length  2a.  cited  in  Tabic  4.  was  found  by 
dividing  the  crack  area  by  the  specimen  width. 

Consider  the  projection  ofthe  fracture  surface  on 
the  plane  transverse  to  the  tensile  axis,  as  in  Figure 
4a.  The  /toruui  region  intercepted  by  the  fracture 
surface  is  defined  here  as  the  least  area,  in  this  plane 
of  projection,  that  contains  all  the  projections  of  the 
pores  visible  on  the  fracture  surface.  In  this  region 
the  greatest  dimension  parallel  to  the  weld  plane  is 
defined  as  ihe  clvster  length  ( fracture  surface).  The 
cluster  width  is  the  greatest  dimension,  in  this 
region,  transverse  to  the  cluster  length.  Both  the 
cluster  w idth  and  length  are  transverse  to  the  tensile 
axis. 

Radiographic  Evaluation.  The  weld  quality  of 
each  specimen  was  evaluated  by  using  the  radio- 
graph of  the  specimen  and  military  specification 
MIL- R- 1 1 468(ORD).  Radiographic  Inspection.  This 
is  the  controlling  accept /reject  document  referenced 
in  Corps  welding  guide  specifications.  Figure  4d 
vhows  a pre-fracture  positive  radiograph  of  specimen 
AS  2!  in  relation  to  photographs  of  the  fracture 


surface  that  laier  passed  through  the  specimen.  The 
tracturc  surface  is  related  further  to  the  pre-fracture 
radiograph  in  the  radiograph  of  the  fracture  surfaces 
of  the  ruptured  specimen  pieced  together,  as  shown 
in  figure  4o. 

flic  /winni.v  region  intercepted  by  a ruO;'>gruph  is 
defined  here  as  the  least  area  that  contains  all  the 
visible  radiographic  images  of  the  pores.  In  this 
region,  the  greatest  dimension  parallel  to  the  weld 
plane  is  defined  as  the  cluster  length  ( radiographic ). 
t his  dimension  is  parallel  but  not  necessarily  equal 
to  the  cluster  length  (fracture  surface).  This  in- 
equality follows  from  the  fact  that  a duster  of  porosi- 
ties is  three-dimensional,  of  unequal  extent  among 
the  dimensions.  Hence  the  projection  of  the  cluster 
on  i lie  radiographic  plane  is  not  necessarily  the  same 
as  the  projection  on  any  other  plane.  Moreover, 
through  errors  of  radiographic  technique,  the  radio- 
graphic  image's  (or  projections)  of  some  pores  may 
not  be  discerned, 

3 RESULTS 

First  Phase.  Table  5 gives  results  of  cluster  porosity 
tests  for  the  firsi  phase  of  the  test  program.  Figure  5 
shows  the  effect  of  porosity  on  the  uniform  strain.  tu. 
The  strain  decreases  from  the  sound  weld  value 
rapidly  with  increasing  percent  porosity — up  to 
aboiii  4 percent — and  is  much  less  sensitive  tn  larger 
porosities.  In  Figure  b ihe  ultimate  tensile  strength. 
o„.  displays  a similar  dependence  oil  the  cluster 
porosity — the  rapid  decrease  in  o . heginning  at 
about  2 percent  porosity.  Figure  7 shows  that  the 
yield  strengih.  oy,  is  not  strongly  affected  by  percent 
porosity  and  decreases  only  slightly  as  the  percent 
porosity  increases.  Since  these  T-l  steel  weldments 
did  not  have  sharp  yield  points,  these  yield  data  are 
somewhat  sensitive  to  the  amount  of  plastic  strain 
otlsei  used  in  their  computation. 

Figure  8 shows  the  dependence  of  ou  on  the  length 
ol  tin  porous  region  intercepted  hy  the  fracture 
siirl.ice.  called  the  cluster  length  (fracture  surface). 
When  the  cluster  length  is  less  than  three  times  the 
cluster  width,  observed  here  to  be  less  than  i/i  in., 
this  width  influences  o„  heavily  and  produces  some 
scatter  in  the  curve.  Above  a cluster  length  (fracture 
snrlaee)  of  about  I in.,  the  scatter  in  Oy  decreases 
r.ipiillv  as  the  cluster  length  increases.  Similarly. 
Figure  4 shows  the  dependence  of  Oy  on  the  length  of 


the  porous  region  as  determined  by  a radiograph. 
This  cluster  length  information,  called  cluster  length 
(radiograph),  is  the  information  an  inspector  in  the 
field  would  have  available  for  most  nondestructive 
weld  examinations.  This  Figure  shows  that  Oy 
decreases  sharply  with  cluster  length  once  a cluster 
length  of  ahout  I in.  is  apparent  on  a radiograph. 
However,  on  a statistical  basis,  it  is  possible  that 
Figures  8 and  9 have  insufficient  ranges  of  abscissas 
from  which  to  draw  these  inferences. 

The  foregoing  analysis  indicates  the  qualitative 
nature  of  analyzing  welds  from  radiographic  images 
alone,  since  a single  normal  incidence  radiograph 
cannot  provide  information  on  the  depth  (in  the 
plate  thickness  direction)  of  a defect.  This  in  turn 
emphasizes  the  qualitative  nature  of  the  accept/ 
reject  standards  in  MIL-R-1 14t>8  and  in  the  welding 
codes  of  professional  engineering  societies. 

Radiographic  inspection  of  the  specimens  of  this 
phase,  in  accordance  with  MIL-R-1 1468.  showed 
that  only  specimen  AS-"’  could  he  accepted — and 
even  then  only  as  "borderline,  standard  III."  This 
judgment  was  based  on  the  observation  that  the 
porosities  in  this  phase  most  nearly  fitted  the  specifi- 
cation's "scattered  cavities"  classification.  Specimen 
AS-7  was  judged  to  be  most  comparable  to  radio- 
graphic standard  Cl -3  in  the  specification. 

Second  Phase.  Table  b gives  results  of  the  second 
phase  of  the  test  program.  In  this  phase  the  inde- 
pendent experimental  parameter  is  the  area  of  the 
pores  rather  than  percent  porosity.  Figure  10  shows 
the  rapid  decrease  of  uniform  -.train.  £u.  with  pore 
area.  Only  about  0.03  in.2  pore  area  can  be  tolerated 
before  iu  is  reduced  to  less  than  5 percent.  However, 
up  to  0.20  in.2  pore  area  can  be  tolerated  for  which 
fu  exceeds  3 percent.  Similar  results  appear  in 
Figure  1 1 for  t,,  as  a function  of  the  area  of  the 
porous  region.  This  region,  the  fracture  surface  pro- 
jection iletineil  in  section  2.  includes  not  only  the 
port  area.  I".it  also  the  ana  of  the  connecting  liga- 
ments between  the  pore . If  it  is  assumed  that  these 
ligaments  riipinrc  very  early  in  the  loading  of  the 
specimen,  then  the  area  of  the  cracked  region  at 
large  loads  would  be  this  area  enclosing  the  pores.  A 
region  about  0.1)4  in.2  causes  ty  to  drop  below  5 per- 
cent. yet  up  lo  t).2b  in.2  porous  region  can  be  toler- 
ated lor  which  tu  exceeds  3 percent. 

Figure  (’shows  a nearly  lineardcpendence  of  the 
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ultimate  tensile  strength.  ou.  on  the  area  of  the 
pores.  However,  the  scatter  in  the  dependence  of  the 
yield  stress.  ov.  is  hroad.  and  no  attempt  has  been 
made  to  pass  a line  or  curve  ol  correlation  through 
those  data.  It  is  again  clear  that  a pore  area  larger 
titan  about  0.0.1  in.2  causes  a significant  reduction  in 
tensile  pro|icriies.  while  such  an  area  np  to  about 
0.20  in.2 divs  not  ted t ice  oM  helow  1 10  ksi.  In  Figure 
t.l.  both  o,!  and  ov  are  fairly  linearly  related  to  Ihc 
area  of  the  porous  region.  These  tensile  pro|X'rties 
tlecrease  sharply  when  the  p 'res  are  distributed  over 
an  area  up  to  about  0.09  in.2.  However,  over  1 10  ksi 
tensile  strength  can  he  maintained  w ith  a porous 
area  up  to  0.2b  in.2. 

Figures  14  and  15  show  fairly  linear  dependences 
ofo,,  ('n  the  duster  length  (fracture  surface)  and  on 
the  cluster  length  (radiographic).  These  figures  are 
related  to  Figure  1.1  in  that  they  pertain  to  the  extent 
ol  the  region  having  pores.  The  tensile  properties  arc 
certainly  affected  lor  porous  regions  longer  than 
about  0.4  in.  or  radiographic  lettg.ns  larger  than 
I t.o  in. 

Radiographic  inspection  of  the  spo  uens  of  this 
phase  in  accordance  with  MIL-R- 1 I4(>8  showed  that 
< *«ls  specimens  AS-2.1  and  AS-2b  could  be  accepted: 
AS  2*>  as  "borderline,  standard  I"  a*td  AS-2.1  as 
"borderline,  standard  111."  Using  the  classification 
"scattered  cavities.”  as  discussed  earlier,  specimen 
AS  2h  was  judged  comparable  to  radiographic 
standard  0-2,  while  specimen  AS-2.1  was  judged 
comparable  to  standard  UI-.1.  All  other  specimens  in 
this  phase  were  unacceptable. 

Third  Phase.  Tensile  data  for  the  cents  r-crackcd 
specimens  arc  presented  in  Table  7.  Figure  lb  shows 
that  t(1  increases  with  increasing  mean  crack  length. 
1 lie  straiii  here  is  determined  from  the  displacement 
ol  the  plate  at  its  center- line.  Since  the  plate  can 
open  more,  axiailv.  when  the  crack  is  longer,  the 
positive  slope  of  the  curve  in  Figure  lb  is 
liiulcrsiandab'c. 

In  Figure  I *.  the  values  of  o„  arc1  tight Iv  clustered 
about  a stress  ol  42  ksi  ami  a mean  center -crack 
length  ol  about  I in.,  with  the  exception  of  one 
datum  point,  b appears  that  ou  is  not  very  sensitive 
to  the  leiigilt  ot  center-crack  in  the  specimens 
stndtcd. 

I be  encrey  ‘.eqnhvd  to  ol'tain  a given  deflection 


is  shown  in  Figure  18  as  a function  of  me.tr  crack 
length.  The  larger  the  crack  length,  the  less  energy- 
required  to  achieve  a given  deflection. 

It  is  possihle  to  calculate  an  effective  mean  crack 
length  by  adding  a term  to  correct  lor  the  stress- 
relaxing  effect  of  the  plastically  deformed  zones  al 
each  crack  tip.  This  term,  called  the  pluslK  zone 
i\uliu\.  can  be  determined  from  an  elastic  compli- 
ance relation.1  or  front  such  single  terms  as  the 
strain  energy  release  rate.  ti.  or  stress  intensity 
factor.  K.9  Ihc  addition  of  (his  term  to  the  mean 
crack  length  would  shift  all  the  abscissae  of  the 
center-crack  data  in  Figures  16.  17.  18  and  21.  and 
thus  tlte  curves  in  those  figures,  to  slightly  larger 
mean  crack  length  values.  But.  since  the  plastic  zone 
radius  is  not  explicitly  dependent  on  the  deflection  of 
the  specimen,  this  curve  shifting  would  not  vary  with 
deflection.  Hence  the  relative  positions  of  the  center- 
crack  data  would  remain  unchanged.  Consequently, 
the  results  of  the  foregoing  discussion  and  the  con- 
clusions in  the  next  section  would  not  be  altered  by 
correcting  erack-lengtb  data  for  plastic  zone  radii. 

4 DISCUSSION 

First  and  Second  Phases.  As  I .gures  6 and  7 
indicate,  up  to  about  2 percent  porosity  can  be  toler- 
ated heforc  the  tensile  properties  oecome  seriously 
affected.  However,  ductility  is  affected  above  I per 
cent  porosity,  as  shown  in  Figure  5.  Ultimate  .ensile 
strength  appears  to  be  unaffected  when  the  porous* 
region  is  less  than  about  0.5  in.  long  (Figure  8).  or 
has  an  effective  radiographic  length  of  less  than  I in. 
t Figure  9). 

I hc  quantitative  effect  of  the  pores  can  he  meas- 
ured in  terms  of  their  area.  Figures  10  and  12  indi- 
cate that  pore  areas  in  excess  of  0.03  in.2  cause  a 
strong  reduction  in  tensile  strength,  while  ductility  is 
markedly  reduced  al  this  defect  size.  The  quantita- 
tive effect  of  pore  distribution  can  be  measured  in 
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terms  olihc  area  oft  lie  region  occupied  by  (he  pores. 
Such  .in  urea  up  (o about  t).(W  in.*  (Figure'  1.1)  causes 
n significant  reduciion  in  (ensile  strenglli.  while 
Injure  1 1 slums  that  die  same  area  range  causes  a 
slurp  loss  o|  el iie  tiln \ . I lie  porous  region  are.,  of 

0 (>‘>  in.*  seems  to  correspond  to  a duster  length 
tincture  surlacc)  of  about!). 4 in.  (Figure  I4>.  or  an 
ctleetivc  radiographic  length  of  about  0.6  in. 
(figure  IS). 

Application  of  Fracture  Mechanics.  In  a recent 
study. 10  fracture  nieelunies  was  used  to  estahlish,  in 
pan.  a critical  si/e  ot  weld  deled  below  which  tensile 
properties  were  unaffected.  This  was  possible 
because  tl)  the  Iraetiirc  mechanics  parameter  nse'tl 
-die  J integral — approaehed  a constant  value  with 
increasing  defect  si/e.  and  (2)  only  one  defect  existed 
vs  it  hiii  each  specimen  tested. 

A cluster  ol  pores  is  not  a single  delect,  however, 
but  an  aggregate  of  defects.  A recent  manuscript11 
showed  that  the'  metal  (oi  continuum)  bounding 
each  pore  contributes  to  the  total  value  of  the  i 
integi.i!  .is  calculated  from  data  pertaining  to  the 
entire  specimen.  Hence  the  total  J integral  will  in- 
crease as  die  boundary  of  each  pore  is  enlarged  in 
the  tensile  test,  The  filial  value  of  the  total  J integral 
is  determined,  noi  b\  a limiting  value  characteristic 
>>t  the  material,  but  hv  ihc  amount  of  dclnrmation 
occurring  .ii  the  lime  the  boundary  ol  one  pore  lirst 
readies  a critical  J value  and  fracture  ensues.  Thus  it 
would  lv  I mile  in  this  report  to  search  for  a limiting 
value  of  die  J integral  for  clusters  of  porosities,  since 
such  a limiting  value  cannot  exist.  To  successfully 
applv  the  J integral  .■>  the  current  state  of  the  an  to 
elusiei  porosity,  it  would  he  neccs.arv  to  obtain  data 
lor  the  boundary  of.  or  lor  mateiial  influential  on. 
v .it  h pore  x\  it  bin  die  cluster.  This  is  beyond  the 

1 npub'lnvs  of  current  instrumentation. 

Third  Phase.  The  rationale  behind  the  third  phase 
ot  testing  wrs  to  establish  the  tenter-cracked  plate  as 
•i  model  of  a cluster  porositv  in  a plate.  It  w:n 
ih.it  the  mathematical  treatment  o*  the  center- 
cracked  plate  n>  tract  u re  mechanic's  could  he  applied 
siueesstully  to  cluster  porosity. 
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To  establish  a correlation  between  the  nrechnica! 
behavior  of  a cluster  porosity  and  that  of  a center 
crack  one  must  relate  the  cluster  size  to  the  eenter- 
crack  length.  This  relation  may  be  established  if  one 
hypothesizes  that,  for  each  center-crack  length, 
there  is  a single  (or  unique)  cluster  size  that  has  the 
same  deflection  energy  vs  deflection  relaiion  as  that 
center-crack  length.  In  Figure  18.  the  deflection 
energies  vs  measured  center-crack  lengths  at  each  of 
three  deflections  were  plotted  for  the  five  cer  r 
cracked  specimens  from  the  ihrd  test  phase,  thus 
establishing  (he  three  curves  shown.  (At  a Fixed 
center-crack  length,  it  is  common  lor  the  deflection 
energy  to  increase  with  increasing  deflection.) 

In  the  same  figure  the  dclleclion  energy  (at  that 
delleeiion)  of  each  oliwo  specimens  from  phase  one. 
and  of  six  from  phase  two.  was  plotted  on  each  of  the 
three  deflection  curves.  Si.  ce  the  deflection  energy 
vs  deflection  relations  of  specimens  AS- 22  through 
AS-2h  were  csscntialh  the  same,  they  are  repre- 
sented hy  a single  symbol.  Moreover,  specimens 
AS-4  and  AS- 1 ruptured  before  attaining  the  largest 
and  second- largest,  respectively,  ol  the  three  dellec- 
lions.  Reference  to  the  abscissa  of  the  figure  deter- 
mines ihc  center-crack  length  equivalent  to  each 
cluster  si/e  at  that  deflection. 

From  ihc  figure,  however,  as  the  deflection 
changes,  a given  cluster  size  does  not  maintain  con- 
stant equivalent  center-crack  size  Hence  cluster  size 
is  not  uniquely  related  u»  center-crack  length — a 
contradiction  of  ihc  above  hypothesis.  But,  if  a 
cluster  could  have  a constant  equivalent  center-crack 
size,  the  load  vs  deflection  curves  of  the  two  defects 
would  have  to  he  identical.  This  identity  was  noi 
observed  in  this  study;  it  is  thus  concluded  that  the 
center  cracked  plate  is  not  a complete,  or  perfect, 
model  ol  a cluster  porosity  tor  Iraeturc  mechanics 
purposes. 

Despite  the  failure  ot  the  center-cracked  plate  as 
i _a  i)  rji  mo  '.  I oi  e!us:,,v.:  , or>*;!v.  u is  possihle  lo 
derive  some  J integral  in'  >rr.;a!iou  Irons  the  center- 
cracked  specimens  themselves.  In  the  study  hy 
Lawrence  uno  Cox'*  it  is  shown  that,  ai  any  given 
delleeiion.  d ’lie  1 imeer.J  ltd',  is  given  as  an 

'T.  V Law mwe  Jt  and  I I’  (Vs  I Ht  l!U\t  «>/  luik  i »/ 
Oi-l.-m  ii n rhr  .Sf.ifu  /i-iiw/.-  WiSlifiir  lit  High 
Slrin^-ih  Xrrt,,  i ur„f  ,Vi.-W  WWJin.-n»v  livhni.  al  Kepun  lDvaft) 
■L'liKt  1,,7Jt. 
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I 
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energy  per  net  cross-sect ional  area  by 

i,  jv  _ |2E(d)-  PtdJd] 

Bh 


|Eq  I] 


cv  hirrc 

I’tdl  = total  eidlcction  energy  at  d, 
l'tdt  = load  at  d. 

B = specimen  thickness, 
b = sunt  of  ligaments  in  plane  of  crack. 


fliets  with  the  assertion  of  Lawrence  and  Cox  that  Jj^ 
rises  far  above  Gjcbm  only  when  the  craek  size  is 
too  small  for  valid  J measurements.  In  the  present 
ease,  the  conflict  could  he  resolved  if  the  effective 
critical  craek  sizes  of  specimens  CC*  I and  CC-4  were 
far  larger,  possibly  on  the  order  of  2 in.  Moreover, 
comparison  of  these  fatigue-induced  crack  data  to 
the  lack-of  pcnetration  data  of  Lawrence  and  Cox 
may  not  he  justified.  The  two  anomalously  high 
values  of  JM  have  not  been  reconciled. 


I he  deflection  energy  E(d)  can  be  determined  by 
mechanically  integrating  with  a polar  planimeter 
over  the  load  deflection  curve  to  the  deflection  d. 
Values  of  J(d)  are  plotted  against  d in  Figure  19. 
Calculations  of  J were  terminated  at  deflections  at 
which  the  specimens  were  judged  to  be  in  a state  of 
plane  stress.  The  calculated  values  apply  to  a pre- 
sumed state  of  plane  strain.  The  trend  is  for  smaller 
crack  sizes  (shown  in  parentheses  beside  their 
curves)  to  rcquTc  larger  J values  to  obtain  the  same 
deflection.  The  dose  grouping  of  four  of  the  curves 
suggests  a low  scnsitiviiv  of  the  J integral  !o  crack 
size  in  that  range  of  crack  sizes. 

Lawrence  and  Cox  found  that  a nearly  linear 
conelat-oii  exists  between  the  J integral  value  at 
maximum  load.  = -Kdniax).  and  the  product 

°net  max^max-  Hcrt“  ^max  is  ,he  deflection  at 
maximum  load  and  onet  max  is  the  stress,  based  on 
the  ik t cross  section,  at  maximum  load.  Similar 
computations  were  pcrfoimed  in  the  present  study 
ami  arc  presented  in  Figure  20.  Here  a nearly  linear 
relation  exists  for  l|^j  >C  |t-BM'  the  crack-opening 
(It  ramie  linear  elastic  energy  release  rate  per  unit 
craek  extension  lot  a Iree-rtinning  crack  in  the  base 
metal.  I he  otic  datum  point  not  oheving  this  linear 
relation  still  lies  quite  close  to  G | cBNi  ~ 1-1  ksi-in. 
'estimated  front  C.S.  Steel  data  n).  This  supports 
'he  assertion  of  I aw  rente  and  Cox  that  has  a 
lowc"  limiting  lor  average)  value  and  that  such  a 
value  tor  the  weld  met:'!  lies  close  to  the  critical  G|  in 
'he  base  metal  Huwevei.  the  strength  of  this  cor- 
roboration is  i educed  hv  examining  Figure  21 . There 
are  two  cruik  sizes  near  I inch  for  which 
■> G icBM  Craek  'engihs  both  above  and 
below  I inch  have  values  near  G |CBM  ■ This  eon- 


's I Untie  amt  S.  K Sovaf.  Shnrttcm!  A'/,-  Tettutg  ’>1 
Utdium  Strength  //>;•/(  Itughnryt  Steelt.  technical  Report 
mats -m»'n II  >t  S.  Mill  * .lip.  tH.'l. 


Effect  of  Experimental  Results  and  Construc- 
tion Design  Criteria  on  Weld  Specifications. 

Broadly  speaking,  there  are  two  constriction  design 
philosophies,  or  criteria,  commonly  in  use.  The  older 
criterion  is  “working  stress  design.’’  in  which  only 
elastic  strains  are  permitted  in  the  structure.  This 
design  criterion  is  thus  quite  conservative,  since  only- 
very  small  deflections  are  permitted.  The  new 
criterion  is  ‘“limit  design"  in  which  (not  accounting 
for  factors  of  safety)  the  structure  is  allowed  to  be 
loaded  to  the  yield  point  as  long  as  a large  amount  of 
ductility  can  he  ohtained.  Consequently,  this  design 
criterion  is  far  less  conservative  than  the  older  one. 
Although  these  criteria  are  actually  not  nearly  as 
simple  as  stated,  these  statements  do  show  the  rough 
distinctions  between  the  two  design  philosophies. 

Welding  codes  do  not  explicitly  state  which  of  the 
above  criteria  are  reflected  in  weld  specifications. 
The  AWS  Structural  Welding  Code  D t .1-72.  in  dis- 
cussing the  permissible  weld  design  stresses  of  new 
buildings  and  bridges,  states  that  "the  permissible 
stresses  . . . for  complete  joint  penetration  groove 
welds  . . . shall  be  those  allowed  for  the  same  kind 
of  stress  lor  the  hase  metal"  and  that  '“the  base 
metal  stresses  shall  he  those  specified  in  the  applica- 
ble Building  Code"14  such  as  the  codes  of  AISC  and 
AASHTO.  The  AISC  code,  section  1.5.1.1c1*  states 
that  the  allowahle  tensile  stresses  in  structural  steel 
may  be  as  large  as  U.h  ovn,  (except  at  pin  holes)  but 
not  greater  than  0.5  uum.  where  tw,  and  Oun,  are 
the  minimum  values  of  the  yield  and  ultimate 
strengths,  respectively,  for  the  grade  of  steel  of 
interest.  The  AISC  commentary  on  the  code  states 
that  the  basic  working  stress  factor  of  safety  is  5/.1 


14/tw.9  Strut tural  Welding  Ctnle.  AWS  Ot.t-72  (American 
Welding  Society.  t972).  pp  HO.  HP. 

’'S/xd/iiiiriiin  fur  the  Drtign.  Fuhricutitm.  onj  Errttitm  t>l 
Sinteittrul  Steel  fttr  B,tildtngs  (American  tmlilute  of  Sleet  Con- 
•million.  (WtiU).  ppS-tn 
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"ill'  respect  to  °ym  it  ml  that^  at  the  net  seel  inn  of 
axially  loaded  members,  the  factor  ol' safety  is  2 with 
respect  to  o1)nl.w  The  AASHTO  code  lor  bridges 
stales  that  the  design  stress  for  axial  tension  in 
members  without  !iol>-s  is  0.55  ovm.17 

Front  i he  .S  tee/  Devil'll  Mini  not.  ovn,  = UK)  kxi 
and  o1im  = 115  ksi  for  I 1 A5I4  Grade  K steel  in  the 
st/e  tested  in  this  program  11  For  the  AISC  eixle.  the 
sale  tv  factor  must  he  2 and  the  design  stress  57.5  ksi. 
For  the  AASH  I O eixle.  the  design  stress  must  he  55 
ksi.  Ifilicse  codes  were  applied  to  the  data  of  phase 
two,  the  respective  design  stresses  would  drop  only 
by  about  5 ksi — to  54  ksi  and  50  ksi.  respectively. 
This  suggests  that,  tor  welding  codes  based  on  work 
im>  stress  design,  cluster  porosity  in  the  extern 
studied  here  may  not  significantly  degrade  the 
quality  of  weldments  under  axial  tension.  Thus,  in 
these  cases,  relaxation  ol  cluster  porosity  restrictions 
in  welding  uxles  may  lie  considered. 

I his  concept  is  supported  by  the  results  ol  the 
weld  ijualiiv  evaluation  performed  in  this  study  in 
accordance  with  MII.-R-1I468.  This  specifieaiior 
condemns  all  but  thre'e  of  the  welds  in  this  study — 
yet  Figure  h shows  ten  welds  having  ultimate 
strengths  in  excess  of  120  ksi.  and  Figures  12  and  15 
show  fne  welds  with  ultimate  strengths  exceeding 
lid  ksi.  it  is  quite  plausible  that  these  15  welds 
would  have  sufficed  lor  a Malic  tensile  load  in  a 
working  stress  design.  Rejection  of  these  welds  for 
such  an  application  prohahly  would  accomplish 
nothing  hut  increased  project  costs.  Less  stringent 
rydi. -graphic  standards  might  tints  he  hcnelieial. 

flowcvet . as  F'igures  5.  ID  and  II  show . a marked 
reduction  in  ductility  of  weldments  occurs  when  even 
small  amounts  of  porosity  are  introduced.  This 
implies  that  relaxation  ol  welding  codes  hived  on 
limit  elesign  concepts  would  he  undesirable,  since  the 
ductility  required  in  that  design  is  lost  in  porous 
weldments.  One  example  ot  such  a limit  design 
application  is  found  in  Section  III  of  th.  V^MF 


*1  Mei.iir'iMri  mi  i/h- SfHYit’i  iIiimi  turih%'  Ih'Mgu.  /at-rj.  iJflf.1,', 

- y i ,,  \: *(,1  lu'jl  Sir.  / ■■■>  Ji.i M./igs  ■ Xmcrts  an  tusliiuw 

, i i a-siMuliiin  l'lti'il.  pp  F 121* 

Vy.iiii.an/  S/i. . tlit  :i/u.itt  f it  Hiah^uv  BnJr>'S  lllh  ot. 
i.'.-.  u.m  Xom-t.ilurn  nt  Slate  tilths, iv  and  tryiispori.itii.: 
'Mi  i.i  Is  i'»" p 1 1 2. 

- Vn . . /X.ig.i  yiaiiuol  <t  must  'a. .lev  Steel.  lthSl.  p (2 


Boiler  ami  Pressure  Vessel  Code. 19  In  this  code,  the 
algehruic  difference  hetween  the  largest  and  smallest 
principal  stresses  is  defined  as  the  stress  intensity.  S. 
For  a given  material,  the  largest  S permitted  is 
denoted  Sm.  and  is  usually  o1Itll  3,  In  the  code 
requirements  lor  Class  I components  operating 
under  normal  and  upset  condition',  some  eomhined 
loading  eases  allow  a peak  stress  intensity  of  3 Sm. 
which  is  essentially  the  yield  strength  value.  It  is 
evident  that  no  reduction  in  ductility  or  tensile 
strength  could  he  loleratcd  in  such  a critical  design. 

Strict  application  of  radiographic  specification 
MIL-R-1I4P8  in  this  study  eliminated  all  but  the 
most  ductile  welds.  Such  rejection  would  he  essential 
to  the  proper  implementation  of  a limit  design. 
Thus,  a reduction  in  tin  quality  m radiographic 
standards  would  not  he  beuvfui.il  in  a limn  design. 

5 SUMMARY 

Conclusions 

I There  is  a combination  ol  pore  si/.e  tin  terms 
ol  imal  area  uf  pores)  tnd  distribution  of  por  >sity  <in 
terms  ol  area  encompassed  bv  pores.  : c . die  area  ot 
the  porous  region)  that  is  critical  in  the  sense  th.u  the 
tensile  strtngih  is  not  degraded  until  that  pore  si/c 
or  porosity  distribution  .s  surpassed.  In  ihis  study 
the  eritual  pore  area  is  about  0.03  in.  and  the 
critical  area  of  the  porous  region  is  about  0.0**  in.’. 

2.  I here  is  u similar  coti'b  uadnti  of  pore  si/e 
and  distribution  ol  poioMly  tli.u  is  vriticu!  m ihai  the 
ductility  (as  measured  hy  eu)  is  sharpie  dcgM.fcd 
until  that  pore  si/e  or  p.'tosity  distribution  is  sur- 
passed; hesonri  the  critical  point  the  tate  of  degrade 
lion  is  rcdiUid  In  litis  sfuh.  the  siUKui  pore  area  is 
uhout  0.03  in.  and  the  critical  an.  of  the  pomus 
legion  is  aboui  O.tW  in. 

' Tbi  e.  at  'il  qiaphu  i>.  -gif  *>i 

cluster  poro* 'tv  associate. 1 with  •)  critical  combina- 
tions in  Conclusions  1 and  2.  In  this  study,  the 
tensile  strength  was  iiiutteeted  tor  railiographie 
lengths  less  than  O.n  in. . while  the  ductility  stropped 
sharply  until  that  length  v as  reach-  d 


'’"tSinle.it  t’.-vser  ( Mptiiii-nis AWtl  Ww/,  • uir/  /’-.our,- 
\rvAi 7 (Wt‘  Sc )tl  Suhscxurns  ^ \ .»n»i  \*B  lAn.ikaii 
S.KKlv  <1  Mvi  lljl  fs  dt  1-II^HlCVTS. 


14 


4.  A critical  si/e.  or  other  measure,  of  cluster 
porositv  cannot  he'  predicted  hv  the  J integral  of  Iruc* 
imc  mechanics  at  the  current  slate-ol  the-art. 

>.  ( Ulster  porosily  size,  cither  in  terms  of  area  of 
pores  or  ol'  area  of  the  porous  region,  can  he  corre- 
lated vsith  center-crack  length  on  a deflection-energy 
basis,  hut  a given  cluster  cannot  he  said  to  have  a 
unique  equivalent  center-crack  length. 

h.  In  view  of  the  relation  of  tensile  strength  to 
critical  cluster  porosity  si/e.  relaxation  of  weld 
inspection  specifications  may  he  possihle  lor  certain 
applications  if  the  specification  is  hased  on  working 
stress  structural  design  criteria.  However,  consider- 


ing the  marked  reduction  in  ductility  with  increasing 
porosity,  relaxation  of  weld  specifications  hased  on 
limit  design  criteria  should  not  he  considered. 

Future  Work.  I he  AWS.  AIS(  . and  AASIITO 
codes  contain  specifications  for  the  shear  ol  weld 
ntents  that  are  distinei  front  those  for  the  tension  of 
weldments.  Data  on  the  shear  of  weldments  contain 
mg  cluster  jxvrosity  should  he  acquired  to  determine 
the  extent  of  degradation  of  the  yield  and  ultimate 
shear  stresses  and  uniform  shear  strain  This  w ill  test 
the  question  of  whether  working  stress  design  may  he 
unnecessarily  conservative  in  shear  as  well  as  in 
tension  of  weldments. 


Table  I 

Chemical  Composition  of  But'  Metal  and  Welding  Electrode 


Base  Metal* 

Welding  Electrode** 

M.tniUavliirci 

I'.S  Steel  Curpur. tin m 

Ait  Keducimn  Cd..  tnc 

thM^njlion 

II 

tiim  AXItU 

t’liiie  Ihiefcness 

1 4 ID 

— 

t Icvirodv  I .jk 

1 U«  id.  hare  *ire 

Element 

( hrmiril  Competition.  °‘o 

( 

1' 

0 nw 

Mn 

V* 

t S4 

i’ 

UN 

U.lKIh 

S 

10" 

II  l«W 

Si 

A - 

0.45 

Nl 

Nil 

: 4t 

< r 

U 1144 

Me 

4? 

0.4* 

V 

IN 

li  unh 

At 

- 

11  UU4 

li 

— 

it  Ill's 

lx 

— 

11  («0 

B 

.mu1 

— 

Cu 

21 

— 

M’.iij  tr»«ro  ntdeptnJi.nl  aiutwis 
u|iplk(i  In  m.tnuUiimvr 
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Table  2 

T entile  Pro  pert  let  of  Bate  Melal  and  Weld 


Properties 

Bate  Metal* 

Weld** 

Itnsilc  Strength,  kx< 

12(1. b 

I4<).0 

^ uki  .Strength.  k\» 

li.U 

I2h  .1 

1 longalion  al  Iratlurt. 

U».o  in  2.0in. 

Si  * in  tr  in. 

Reduction  in  Aur.i,  “•> 

hh.4 

— 

•l*r«i|ifme\i»l  base  metal |)ri"iileil  In  inaiiutacinrer 
**  tst-rage  nl  ihrv  specimen'-  taken  trntn  weld  mci  jl  llnint  P.  V I a*  mite.  h and 
I'.  P lux.  TkeHtln-t  Ollilik  <>t  Pint!  rattan  fJefiiis  nil  (V  Slum  /i-nxl/r  Bchili  hir 
"I  Htyh  Sirmgrh  Simclural  .trrl  H'.-fc /mean  1 1,  hinc.il  Kepnrt  iDral'l)  K I.KI 
|M'4i. 


Table  3 

Welding  Parameters 


V ullage 
\ 

Current. 

amp* 

Teasel 
Speed. 
In.  ‘min 

Intrrpau  and 
Preheat  Temp. 
V 

Heal 

Input. 

Ui'bi. 

Shielding 
hu  Comp, 

24 

Vto.Vvtl 

II 

2U‘ 

4-1 

as  v 2 Os 

I .Mr  4 


( rack  I engtha  of  ( enter- Ciatked  Specimens 


llevlgaallon 

Mean  Length 
2«  ln  j 

tilrrni)  length, 

2a*  m.  i 

\ i l 

i Hh 

it 

< < 2 

1 ()M 

0 

(<  I 

1 O' 

ft  I* 

t < 4 

n 

< mu 

t<  =• 

i > 

1 24 

l(> 


Table  5 

Reauhi  of  Otnttr  Pomll>  Teate,  Flnl  Phaae 


Sped  men 

Puroalty 

Lltlmote 

Yield 

Uolform 

Reduction 

Clutter 

Clutter 

Clutter 

Clutter 

Number 

I"'-.! 

T entile 

Sum, 

Strain, 

In  Area 

Length 

Width** 

Length 

Width 

Strength 

".(kill 

*ul%l 

i"'„) 

Radiographic) 

i Radiographic  i 

l fracture 

l Fracture 

Vta|) 

(».2% 

Hit.) 

(In. i 

Surface) 

Surface  1 

offaetl 

(In.) 

•In.  > 

S 1 

(1 

no  4 

122.5 

5 n.l 

14.2 

0 

0 

it 

0 

i s-2 

1) 

I.U.H 

12.1.2 

’ .1.75* 

» 

0 

0 

0 

0 

AS  1 

10. -Id 

114.4 

1144 

n.hi 

.1  4 

1 1.1 

(I..1H 

I..1X 

0..12 

AS  2 

4. ’4 

120.4 

120  4 

0 45 

2 h 

1 to 

0.40 

I..HI 

0.1(1 

AS  4 

1.0K 

no.’ 

125.1 

1.52 

4 4 

1.14 

0..1.) 

O.Htl 

0 2l> 

AS  5 

.1.44 

122.0 

122.0 

0.5.1 

4.2 

1 42 

0 u, 

l.lh 

0.20 

ASh 

.1.211 

124.1 

120.1 

I 4b 

5.1 

I Dl 

0..H 

0.42 

O.A) 

AS  ' 

1 Is 

111  1 

12.1.* 

I.H4 

4.5 

0.4| 

0..1.1 

0.50 

0.20 

ASh 

4.|W> 

12.1  4 

122.1. 

(l.’.l 

4.2 

1.02 

0..12 

O.W> 

O.kl 

AS  >4 

,V"h 

122.2 

1 1 44.  1 

I2t. 

4 5 

(>.4h 

0..1- 

ll.tK) 

0.  Hi 

AS  III 

5. hi 

I22..1 

121.2 

It.  '4 

l 4 

IIP 

0 1.1 

0.4t> 

0 .H) 

AS  II 

4 ’0 

125.’ 

122.4 

1)4.1 

.1.5 

l.l" 

11.4.1 

1(41 

0.24 

as  i: 

5 5h 

1 22. .1 

121.- 

0.51 

.1.1 

l.tr 

0..14 

1 .OH 

11. .HI 

*1  xK-tivnu'liT  capacity  exceeded  hx  ext  nxioit  at  maxit-iim  lead 

**  i I ttx  ix  itrcatcxt  limicnxion  perpendicular  in  cluster  leni>th  (rudiugr  aphid  in  'lie  tadk'graphio  plane. 


Tablet 

Rnuht  of  Clualrr  Poroxllx  Tnti  Second  Pbaae 


Specimen 

Area  of 

C'ltlmate 

Yield 

C nl  form 

Reduction 

Clutter 

Clutter 

Clutter 

Clutter 

Number 

Poret 

T entile 

Stmt. 

Strain, 

In  Area 

Width** 

Length 

Length 

Width 

iln.2) 

Strength 

"glktll 

"tlkiH 

(0.2"n 

offietl 

< i".  t 

u 

1 0.1 
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< In. 1 

t Radiographic! 
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(Frartore 
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iut.1 
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Surface 
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AS  21 

0 2h4 
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44  1 

2.0.1 

4 02 

II  40 

111 

1 24 

0 11 

\S  22 

I)  144 

in  i 

4h.f, 

.1.51 

4 M 

1)4.1 

1 in 

0 H4 

0 11 

\S-2.i 

0 124 

1 14.0 

41  1 

1 5.1 

4 1)2 

e 

O.hO 

0.41 

11  22 

\S  24 
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III  1 

42.4 

1 44 

I : s’ 

(141 

1 ID 

0 0? 

0.2* 

\S  2S 

II.  IT 

nu- 

45 .1 

4 2' 

1 1)2 

0 40 

0 *5 

0.” 

Oil 

\S  2t, 

tl.UV) 

ll'  i 

4'  1 

4.KII 

1 2s 

0 .15 

II.  "'(> 

O.fi.l 

0 22 

•I  iitear  |h-r>>xit%  ixplit  cluxicn 

•*  I lux  ixiinalext  ditmttxton  perpend icular  intluxier  length  (radiographs  ) in  the  radiographic  plane. 


1 able  7 

ReaulU  of  Ceoter-Cracked  Plate  Test* 
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figure  2.  I -nMle  specimen. 
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Figure  4.  Typical  fracture  surface  passing  through  a clustered  porosity. 
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Figure 6.  Ultimate  tcmile  strength  ptmily. 
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n*ur*9.  Ultimate  tensile  strength  vs  length  of  porous  region  intercepted  by  radiograph. 


Fifvrt  10.  Uniform  si  rain  vs  area  of  pores. 
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Figure  13.  Yield  stress  and  ultimate  tensile  strength  vs  area  of  porous  region. 
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Figure  14.  Ultimate  tensile  strength  vs  length  of  porous  region  intercepted  hv  fracture  surface. 
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Figure  IS.  Ultimme  tensile  strength  vs  leneili  of  porous  region  intercepted  l>\  r. allograph. 
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Figure  Hi.  IVilorni  strain  s ir.oan  eenier-i r.ivk  length 
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Figure  17.  Ultimate  tensile  strength  vs  mean  center-crack  length. 
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Figure  18.  Deflection  energy  pier  unit  thickness  vs  mean  center-crack  length. 
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